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The accuracy of start codon selection is determined by the translation initiation process. In prokaryotes
the initiation step on most mRNAs relies on recruitment of the small ribosomal subunit onto the initi-
ation codon by base pairing between the mRNA and the 16S rRNA. Eukaryotes have evolved a complex
molecular machinery involving at least 11 initiation factors, and mRNAs do not directly recruit the small
ribosomal subunit. Instead the initiation complex is recruited to the 50 end of the mRNA through a
complex protein network including eIF4E that interacts with the 50 cap structure and poly-A binding
protein that interacts with the 30end. However, some viral and cellular mRNAs are able to escape this
pathway by internal recruitment of one or several components of the translation machinery. Here we
review those eukaryotic mRNAs that have been reported to directly recruit the 40S ribosomal subunit
internally. In the well characterized cases of viral IRESes, a speciﬁc RNA structure is involved in this
process, and in addition to recruitment of the ribosome, the mRNA also manipulates the ribosome
structure to stimulate the ﬁrst translocation step. We also review recently described IRES/ribosome in-
teractions in cases where the molecular mechanism leading to translation initiation has yet to be
described. Finally we evaluate the possibility that mRNA may recruit the 40S ribosomal subunit through
base pairing with the 18S rRNA.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Translation initiation is the process by which an mRNA recruits
the translation machinery and positions the initiation triplet in the
peptidyl site (P-site) of the ribosome before translation starts. This
highly regulated step is therefore responsible for at least part of the
translation efﬁciency, and for the accuracy and ﬁdelity of start
codon selection. In prokaryotes translation initiation requires the
two ribosomal subunits, the charged tRNAifMet and three protein
initiation factors. The 30S subunit is directly recruited in the vi-
cinity of the start site, through a base pairing interaction involving
three to nine nucleotides, between the 30 end of the 16S rRNA and
the mRNA “Shine-Dalgarno” sequence (SD) [1,2]. The SD sequence
also known as the Ribosome Binding Site (RBS) is localized 6 to 12
nucleotides upstream from the initiation codon [3]. Eukaryotic
mRNAs are tagged by both the cap structure (7MeG50ppp50N) and the
poly(A) tail at their 50 and 30 ends respectively. The assembly of the, 4 avenue de l'observatoire,
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8translation machinery requires at least 11 eukaryotic Initiation
Factors (eIF) including eIF4E e which recognizes the cap, and it is
enhanced by poly-A binding protein which interacts with the
poly(A) tail. Recent progress toward the understanding of this so-
phisticated mechanism have been well reviewed and will not be
detailed here ([4e6] and C. Fraser in this issue). Brieﬂy, the eIF4F
complex anchors the initiation complex on the mRNA 50 terminus
through eIF4E, its cap binding subunit. The 43S pre-initiation
complex, consisting of eIF3, eIF1, eIF1A, eIF2-GTP-tRNA and eIF5
all bound to the 40S subunit of the ribosome, is recruited to the
mRNA through the interaction between eIF3 and eIF4G the central
eIF4F subunit (Fig. 1). The whole or a part of this complex then
scans along the 50 UnTranslated Region (50UTR) until an AUG triplet
is positioned in the P-site of the 40S ribosomal subunit. The pairing
between the codon and anticodon triggers a cascade of molecular
events allowing the large ribosomal subunit to join the complex,
and translation starts. Because of their intracellular parasitic na-
ture, viruses have evolved mechanisms to subvert the cellular
translation machinery, which include a phenomenon known as
Internal Entry of the Ribosome. This process is reminiscent of
prokaryotic initiation as it does not require the mRNA to be cappednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
Fig. 1. Cap-dependent translation in eukaryotes. Schematic representation of the
macro-molecular assembly of the translation machinery on the eukaryotic mRNA
during the canonical initiation pathway. The cap structure is represented as a purple
dot. eIF ¼ eukaryotic initiation factors.
Fig. 2. Schematic organization of a 30 CITE. Dashed lines correspond to the unrepre-
sented part of genomic RNA (most of the coding sequence and the region downstream
the 30CITE). The loops involved in the “kissing-loop” interaction are coloured in blue.
The initiation codon is indicated by capital letters.
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mRNAs. This property relies on sequences located upstream from
the initiation codon and known as Internal Ribosome Entry Sites
(IRESes). IRESes have been identiﬁed in many viruses; depending
on the structure they adopt, and the subset of initiation factors they
require, the best characterized have been categorized into four
types. IRESes in cellular mRNAs have also been identiﬁed but they
lie beyond the scope of this review. The molecular mechanisms by
which viral IRESes drive translation have been revealed by in vitro
reconstruction experiments [6e10] and structural characterization
[11e14]. Type III and IV IRESes speciﬁcally bind the 40S subunit of
the ribosome with high afﬁnity, and this is a sine qua non for the
translation of the cognate mRNAs which are unable to recruit the
ribosome through the eIF4F/eIF3 molecular bridge because they are
uncapped. Although reminiscent of the prokaryotic initiation
pathway, this property is mostly conferred by the mRNA structure
[14e20] rather than solely by a sequence complementary to the
rRNA. A slightly different phenomenon is observed in some plant
viruses where the sequence that recruits the translation machinery
is located within the 30 untranslated region (30UTR). Cap-
independent translation enhancers (30 CITEs) are located at the 30
end of various plant virus mRNAs. CITEs mediate translation of
uncapped mRNAs by binding one or several components of the
initiation complex and bringing them into close proximity with the
initiation codon by means of an interaction with a complementary
sequence located at the 50 end of the genome (Fig. 2) [21]. IRES and
30 CITE mechanisms have been extensively reviewed [10,21e24]
but here we focus on the properties of those mRNAs that interact
with the ribosome with high afﬁnity. We give a brief overview of
type III and type IV IRESes, highlighting recent developments, and
focus on the less well characterized viral or cellular mRNAs, from
plants or animals, that speciﬁcally bind the ribosome. Finally, using
reported examples, we examine the possibility that some eukary-
otic mRNAsmay recruit the ribosome through base pairingwith the
18S rRNA.2. Structured RNAs that interact with the ribosome
2.1. RNAs that mimic tRNA structure
2.1.1. Type IV IRESes functionally replace all the initiation factors
and the tRNAi
Met
Type IV IRESes have been exclusively identiﬁed as located be-
tween the two cistrons in the genome of the Dicistroviridae, a family
of arthropod-infecting viruses. Initiation on these mRNAs occurs
without the help of any cellular initiation factors, and does not even
require the initiator tRNAiMet. In vitro reconstruction of the trans-
lation initiation complex on the Cricket Paralysis Virus (CrPV) IRESPlease cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008showed that this unique property relied on the ability of the mRNA
to bind the 40S subunit of the ribosome with high afﬁnity
(Kd ¼ 34 nM) [25e27]. The large ribosomal subunit then joins the
complex without any requirement for eIF5B, and translation begins,
requiring only elongation factors and tRNA [28]. Type IV IRESes
adopt a highly structured RNA scaffold featuring three pseudoknots
(PKIePKIII). PKI immediately precedes the non-AUG initiation
codon (alanine codon for CrPV) onwhich translation starts (Fig. 3A).
Cryo-EM reconstructions show that most of the surface of the RNA
is in contact with the two ribosomal subunits which “sandwich” the
IRES [14,18,19] (Fig. 3C). This interaction relies on ribosomal pro-
teins and RNAs, but no consecutive canonical base pairs between
the ribosomal RNAs and the IRES have been identiﬁed. The crystal
structure of the isolated IRES revealed that PKI mimics a tRNA
codon stem-loop hybridized to an mRNA (Fig. 4) [11]. This mimicry
can be observed in the ribosomeIRES complex structure where
PKI is positioned into the A-site of the ribosomewith the remaining
part of the IRES lying between the P and the E-site (Fig. 3B)
[14,18,19]. This suggests a requirement for a factor that displaces
PKI before the aminoacylated tRNA can be recruited for the ﬁrst
time in the A-site. This factor was identiﬁed as elongation factor 2
(eEF2), the presence of which markedly enhances aminoacylated
tRNA binding to the ﬁrst codon of the intergenic region (IGR) IRES
[29]. The IRES also contacts the L1 stalk and the A-site ﬁnger of the
large ribosomal subunit [18,19]. In the current model, the IRES in-
teracts with the ribosome with PKI in the A site, and favours a
counterclockwise rotation of the 40S subunit relative to the 60S,
placing the ribosome in a pre-translocation-like state [18,19]. eEF2
promotes a ﬁrst translocation event allowing eEF1A to recruit the
ﬁrst charged tRNA in the A-site. A second translocation step then
occurs to recruit the second charged tRNA, positioning the ﬁrst
codon in the P-site for translation to begin [18,19] (Fig. 5). There-
fore, it appears that the type IV IRES induces a pre-translocation
state rather than an initiation state [19].
2.1.2. A structure that mimics the tRNA in the 30UTR of plant viruses
tRNA-like structures (TLS) are plant 30CITEs, within the 30UTR,
that bind to the 80S ribosome and bring it into close proximity with
the initiation site through 5030 long-range base pairing (loops
coloured in blue, Fig. 2) [21]. In silico structure prediction as well as
SAXS experiments performed on the Turnip Crinkle Virus (TCV) and
the Pea Enation Mosaic Virus (PEMV) 30CITE suggest that TLS may
adopt a tRNA-like 3D structure [30,31]. Structure determination by
X-ray diffraction of the Turnip Yellow Mosaic Virus (TYMV) TLS
conﬁrmed the tRNA-like organization [32] (Fig. 4B). TYMV TLScally interact with eukaryotic ribosomal subunits, Biochimie (2014),
Fig. 3. Structure of type IV and type III IRESes. A: Schematic representation of the dicistroviridae IGR IRES secondary structure (the Taura Syndrome Virus IRES). Domain I, II and III
are coloured in green, blue and red, respectively; the 3 pseudoknots (PKI-PKIII) are highlighted in yellow. The IRES regions in contact with the L1 stalk, the A site and the decoding
center of the ribosome are indicated by purple lines. The non-AUG initiation codon is shown in capital letters. B and C: Cryo-electron microscopy reconstruction of the CrPV IRES in
complex with the yeast Kluyveromyces lactis 80S ribosome (from PDB Accession Number 4V91/4V92) [19]. The IRES is in red, the 40S and the 60S ribosomal subunits are in blue and
in orange respectively. Ribosomal proteins are represented as plain surface and RNA as “cartoon”. The head, platform, beak, body are labelled in white. The plain grey arrow shows
the relative orientation of the ribosome. The black arrows show the rotations necessary to visualize the ribosome in C from its orientation in B. B: Representation of the IRES and the
40S subunit only. C: Representation of the 80S ribosome bound to the IRES. D: Secondary structure of HCV IRES. The eIF3 and the 40S ribosomal subunit binding domains are framed
in green and blue respectively. E: Cryo-electron microscopy reconstruction of the CFSV IRES (with domain II deleted) bound to the rabbit 40S ribosomal subunit in complex with the
helicase protein DHX29 (PDB 4C4Q) [20]. F: Cryo-electron microscopy reconstruction of the HCV IRES in complex with the rabbit 80S ribosome and the initiation factor 5B (PDB
4UPX/4UPY/4UPW/4UQS) [17]. E and F: The IRES, the 40S and the 60S subunit are similarly coloured and oriented as in B and C. For a better comparison with the CrPV-80S ribosome
complex, neither DHX29 nor eIF5B are represented.
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afﬁnity (Kd < 1 nM) but the role of this element in translation has
not yet been conﬁrmed by functional studies. In addition to tRNA
mimicry, the primary sequence has been proposed to play a role in
TLS binding to the ribosome. A 10 nucleotide sequence located at
the 50 end of PEMV is complementary to a sequence adjacent to the
H33 helix of Arabidopsis thaliana 18S rRNA. Interestingly the viral
sequence is protected from in-line probing cleavage upon incuba-
tion with the 80S ribosome [33]. Such pairing could stabilize the
mRNA-ribosome complex, help the correct positioning of the viral
RNA, or even induce a structural rearrangement in the ribosome.
However, a base-pairing interaction has yet to be demonstrated and
is unlikely to involve all ten base pairs which represent almost a
complete helix turn and would induce important structural
constraints.
2.2. Structured RNA showing no obvious mimicry with a translation
machinery component
2.2.1. Type III IRESes bind the 40S subunit and manipulate the
ribosome
Type III IRESes have been found in ﬂaviviruses and picornavi-
ruses, the best studied cases are those from the human Hepatitis CPlease cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008Virus (HCV) and the Classical Swine Fever Virus (CSFV). Translation
initiation on these 344376 nucleotide long IRESes requires the
ribosomal subunits, the initiator tRNAiMet and a minimal set of
initiation factors including eIF2, eIF3, eIF5 and eIF5B [34,35]. Under
conditions where eIF2 is inactivated, the HCV IRES is able to pro-
mote eIF2- and eIF5-independent translation initiation. Several
distinct mechanisms ensuring tRNAiMet delivery to the initiation
codon under such conditions have been reported. In vitro recon-
struction showed that in the absence of eIF2, tRNAiMet delivery can
occur through a “bacterial-like” pathway relying on eIF5B and eIF3
[36,37], or alternatively using the eIF2D/ligatin factor [38,39]. Ex-
periments carried out in stressed cells in which eIF2 is phosphor-
ylated suggested that eIF2A plays a key role in tRNAiMet delivery to
the ribosome [40]. As for type IV IRESes, the initiation pathway
relies on the ability of the 50UTR to bind to the small subunit of the
ribosome (Kd ¼ 1.9 nM) and also, independently, to eIF3
(Kd ¼ 35 nM) [40] (Fig. 3D). The high afﬁnity for the 40S ribosomal
subunit entirely depends on the three-dimensional structure of the
IRES, but to date no molecular mimicry with the tRNA or any
ribosome binding protein has been identiﬁed. High resolution cryo-
EM structures show that a large surface of the IRES interacts with
ribosomal proteins and RNA (Fig. 3EeF). The RNA mostly interacts
with the back of the “body” side of the 40S subunit, rather than thecally interact with eukaryotic ribosomal subunits, Biochimie (2014),
Fig. 4. tRNA mimicry in type IV IRES and TYMV TLS (adapted from Kieft (2008) [104] and Colussi et al. (2014) [32]). A: Ribbon representation of the crystal structure of a tRNA-
mRNA interaction in the P-site of the Thermus thermophilus 70S ribosome (PDB 2J00) [105]. The tRNA is coloured in blue and the mRNA codon paired with the anti-codon is in pink.
B and C: Ribbon representations of the TYMV TLS crystal structure (PDB 4P5J) [32] and of the CrPV IRES domain III crystal structure (PDB 3B31) [11]. C: The 30 part of the pseudoknot
(PK I) is coloured in pink to highlight its structural mimicry with the tRNA-mRNA interaction.
J. Deforges et al. / Biochimie xxx (2014) 1e104“head side” and “neck” as is the case for type IV IRESes. Interest-
ingly, footprinting assays performed on HCV and CSFV as well as a
recent cryo-EM study strongly suggest the existence of a ”kissing-
complex” between the 18S rRNA and the IRES [20,41e43]. Such an
interaction, consisting of three consecutive G-C Watson-Crick base
pairs between the ES7 (H26 loop) and the IRES loop IIId, has
recently been further documented bymutations and compensatory
mutations in the HCV IRES and the 18S rRNA [44]. It is proposed
that upon ribosome binding the domain IV structure in which the
AUG is embedded is melted to present the mRNA in the ribosome
mRNA channel with the initiation codon placed in the P-site of the
ribosome [8,45,46]. The exact molecular mechanism for theFig. 5. Model for translation initiation mediated by the Dicistroviridae intergenic IRES (ad
formation of the 40S-IRES complex with PK I bound to the decoding center, followed by B: S
rotation. C: First translocation on the IRES catalysed by eEF-2 and D: Accommodation of the ﬁ
the second aminoacyl-tRNA. The next step is the peptide bond formation and beginning of th
of the intergenic region of Taura Syndrome Virus (Type IV IRES) is coloured to match the se
site and the decoding center on the ribosome are indicated by purple lines. The ﬁrst and t
Please cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008initiation is yet to be discovered, but several studies have shown
that the IRES not only recruits the ribosome and adequately posi-
tions the initiation codon, but also “manipulates” the ribosome
structure to promote the start of translation [17,45]. A surprising
insight came from a recent cryo-EM study which showed that eIF3
is not required to form a functional 48S initiation complex on this
IRES. The IRES and the eIF3 binding sites on the 40S subunit overlap
such that they could not both bind at the same time. Indeed, in eIF3/
CSFV-IRES/40S complexes, eIF3 is seen bound to the IRES and
pulled away from the ribosomal subunit. The authors postulate that
type III IRES binding to eIF3 would out-compete the initiation factor
from the ribosome to facilitate the IRES/40S interaction [20].apted from Koh et al. [18] and Fernandez et al. [19]). The ﬁve steps represent A: the
ubunit joining and formation of an 80S-IRES complex and subsequent 40S/60S relative
rst aminoacyl-tRNA in the A-site. E: Second translocation event and accommodation of
e elongation phase. The 40S subunit is coloured in blue, the 60S in purple. The structure
condary structure scheme of Fig. 3A. The sequences interacting with the L1 stalk, the A
he second tRNAs are coloured in orange and pink, respectively.
cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
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formation of 43S complexes, thereby favouring translation of viral
mRNAs rather than cap-dependent translation of cellular mRNAs.
2.2.2. Recent evidence that type II IRESes speciﬁcally bind the 40S
ribosome
Type II IRESes are found in many picornaviruses, they recruit the
initiation complex through a mechanism that does not require
direct binding to the ribosome itself. Instead, they functionally
mimic the role of the cap-binding initiation factor eIF4E. Indeed
type II IRESes interact with eIF4G which in turn recruits the small
ribosomal subunit to the mRNA through its interaction with eIF3,
acting as a molecular bridge [7,47], reviewed in Ref. [6]. However,
eIF4G mutants unable to interact with eIF3 still support initiation
on the EncephaloMyoCarditis Virus (EMCV) IRES, one of the most
widely studied type II IRESes [48]. This prompted us to evaluate the
possibility of a direct interaction between the EMCV IRES and the
ribosome. The 40S ribosomal subunit forms a complex with the
EMCV IRES (Kd ¼ 55 nM) but this interaction is not sufﬁcient to
position the mRNA correctly in the mRNA cleft, presumably
because of the presence of a stable structure containing the
embedded initiation codon [49]. Binding of eIF4G on the JKL
domain of the IRES brings the eIF4A helicase into close proximity
with the initiation site, and structural remodeling of this region has
been observed in the presence of eIF4G/4A upon ATP addition [50].
We hypothesize that this rearrangement allows for the accommo-
dation of the mRNA in themRNA cleft and could also foster the 40S/
IRES interaction [49]. The newly discovered minimal ribosome
interaction site, comprising domains H and I, up till now had only
been shown to recruit the poly-pyrimidine tract binding protein, a
cellular factor that increases EMCV translation [51] (Fig. 6A).
Although we have no direct evidence that the 40S/IRES interaction
is as pivotal as it is for type III and IV IRESes, it is likely to be a crucial
step in the recruitment of the translation machinery.
2.2.3. Several initiation modes to translate HIV genomic RNA
In the late phase of its cellular life, the unspliced genomic RNA of
lentiviruses is exported into the cytoplasm where it is either
translated to yield the Gag and Gag-Pol polyproteins, or it is
packaged as the genome into the newly produced virions.Fig. 6. HIV-gag IRES and type II IRES secondary structures. A: Line drawing of EMCV IRES seco
is in green. The initiation codon is indicated by capital letters. B: Line drawing of HIV-1 gag c
The ﬁrst and the second initiation codons are indicated by capital letters.
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http://dx.doi.org/10.1016/j.biochi.2014.12.008Translation of this capped and polyadenylated RNA has sparked
much interest because it is very efﬁcient despite the presence of
highly stable structures within the 50UTR [52e57]. Several different
initiation mechanisms have been proposed for Human Immuno-
deﬁciency Virus type 1 (HIV-1), including cap dependent trans-
lation mediated by an alternative cap-binding protein [58], or more
likely by the cellular helicase DDX3 [59]. Two IRESes have also been
identiﬁed, one in the 50UTR [60e62], and the secondwithin the ﬁrst
450 nucleotides of the Gag coding sequence [63e65]. The molec-
ular mechanism governing the 50UTR IRES remains unknown but
this IRES does not directly bind the ribosome (JD, BS unpublished
data). Within the HIV-1 Gag coding region, the second IRES drives
translation from an internal in-frame AUG leading to the synthesis
of an N-terminally truncated Gag isoform (see Fig. 6B). This is also
the case for HIV type 2 for which two shorter isoforms can be
observed. In HIV-2, cap-independent translation from the ﬁrst AUG
triplet situated upstream of the IRES has been reported [64]. This
bafﬂing observation is still waiting for a molecular mechanistic
model. The functional characterization of the HIV-1 IRES showed
that the coding region binds the 40S subunit with high afﬁnity
(Kd ¼ 34 nM) and that initiation requires the presence of all the
canonical initiation factors except eIF4E and eIF1 [66]. Although the
region that binds the ribosome has been delimited (Fig. 6B), the
structural determinants remain undeﬁned, and recent work in our
laboratory suggests that the coding region may contain two 40S
binding sites (JD, BS in prep). The roles of both the ribosome
binding site and the IRES in the virus life cycle have yet to be
determined, but it is expected that they will be important to the
virus because both the ribosome binding site and the IRES activity
are conserved amongst laboratory strains of primate lentiviruses
[67] and HIV-1 infected patient isolates [68].
2.2.4. The KSHV vFLIP IRES
The Kaposi's Sarcoma-associated Herpes Virus (KSHV) is an
oncogenic virus and is the etiological agent of Kaposi's sarcoma
[69]. One of the viral proteins, vFLIP is produced from a natural bi-
or even tri-cistronic transcript. This led to the proposal that
translation initiation of vFLIP is driven by an IRES [70e72]. The ﬁrst
molecular characterization of this IRES revealed several intriguing
features [73]. First, translation initiation on the KSHV IRES requiresndary structure. The 40S subunit binding site is coloured in blue and eIF4G binding site
oding region IRES secondary structure. The 40S subunit binding site is coloured in blue.
cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
J. Deforges et al. / Biochimie xxx (2014) 1e106an intact eIF4F complex, including eIF4E. This is rather unusual
since the hallmark of IRESes is that they can be translated inde-
pendently of the cap, and consequently independently of the cap-
binding protein in most cases studied. It is however reminiscent
of the hepatitis A IRES which requires the eIF4E/eIF4G interaction
[74,75]. Interestingly, the KSHV IRES speciﬁcally binds the 40S
subunit of the ribosome (Kd ¼ 28 nM) [73]. The molecular mech-
anism involved has yet to be determined but will surely reveal an
original way for a viral mRNA to capture the cellular translation
machinery.
3. Can the ribosome be recruited through base-paring with
the 18S rRNA?
mRNA base-pairing to the 18S ribosomal RNA is a provocative
idea because it has been assumed that such a property is conﬁned
to prokaryotic mRNA RBSwhich recruits the 30S ribosomal subunit.
Indeed, the 18S rRNA lacks a homologous and functional equivalent
of the anti-SD sequence. Here we review reported cases where
base-pairing between a eukaryotic mRNA and the 18S rRNA has
been proposed as the mechanism for recruiting the ribosome.
3.1. Reinitiation on calicivirus mRNAs
Calicivirus mRNA encodes three proteins, two of which are
expressed from a bicistronic subgenomic RNA. The two open
reading frames overlap by 4 nucleotides in the majority of cases (…
AUGA… with AUG being the initiation codon of the second Open
Reading Frame (ORF) and UGA the stop codon of the ﬁrst) although
the relative position of the start can vary by a few nucleotides. Early
studies on the Feline Calicivirus (FCV) showed that translation of
the second protein is dependent on a termination-reinitiation
process, which does not require eIF4F [76,77]. This is, to date, oneFig. 7. Localization of the 18S rRNA sequences complementary to mRNA motifs described in
HCRSV and IGF1R motifs. The crystal structure of the yeast Saccharomyces cerevisiae 40S s
Ribosomal proteins are represented as blue surfaces, and 18S ribosomal RNA is represented a
represented as “dots” and coloured in red, purple, pink and green respectively. H26 apical
using the nucleotide numbering of the yeast Saccharomyces cerevisiae 18S rRNA. The head
structure coordinates [92], we found similar results with similar rRNA accessibility (data n
mentarity to mRNA as deﬁned by Panek et al. (2013). Crystal structure of the yeast Saccha
solvent exposed side. Ribosomal proteins are represented as blue surfaces, and 18S ribosoma
as identiﬁed by Panek et al. [98] are coloured in orange. The head (H), platform (PT), beak (BK
Please cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008of the few cases described of reinitiation after translation of a long
open reading frame. This phenomenon is independent of the nature
of the ﬁrst ORF and does not strictly require an AUG triplet as an
initiation codon but relies on a ~ 80-nucleotide long sequence
located at the 30 end of the ﬁrst ORF named the Termination codon
Upstream Ribosome-Binding Site (TURBS) [76e78]. Indeed this
sequence contains a UGGGA motif that is strictly conserved
amongst caliciviruses and is complementary to the mammalian
(but not the yeast) 18S rRNA helix 26 (H26) (see Ref. [79] for re-
view). The functional importance of the pairing was shown by
mutational analyses carried out in yeast. Reinitiation cannot occur
in this organism unless either the motif or the rRNA is mutated to
establish complementarity between the mRNA and the 18S rRNA
H26 apex [80]. Interestingly the H26 apex (ES7) is accessible to
solvent (Fig. 7A) and has been shown to base pair with type III
IRESes (see above). The current model proposes that post-
termination ribosomes could be captured by the TURBS, where
the initiation factors required for translation of the second cistron
are recruited. The ﬁve-base-pair interaction does not allow direct
recruitment of the 40S and does not support IRES activity. The
TURBS also binds eIF3 and this interaction could be an important
determinant for stabilizing the ribosomemRNA complex [77,81].
The 18S rRNA base pairing and the reinitiation process have been
extended to other caliciviruses such as the noroviruses [82,83] and
the rabbit hemorrhagic disease virus [76,84], and also to the un-
related inﬂuenza B virus [81,85] for which termination-dependent
reinitiation has been described for the ﬁrst time [86].3.2. Genetic evidence for the Gtx murine IRES
The 50UTR of the mouse homeodomain protein coding Gtx gene
harbours an IRES containing a 9-nucleotide motif crucial for the
activity of the IRES [87]. Inserted in a dicistronic mRNA, this motifthis review. A: Localization of the ribosomal sequences complementary to the Gtx, TEV,
ubunit (from 3U5B PDB structure [93]) is represented from the 60S interacting side.
s “cartoon”. The ribosomal sequences complementary to Gtx, TEV, HCRSV and IGF1R are
loop (ES7) is represented and coloured in orange. The sequences are labelled in black,
, platform, beak, body are labelled in white. Using Tetrahymena thermophila ribosome
ot shown). B: Repartition of the 18S rRNA regions with statistically enriched comple-
romyces cerevisiae 40S subunit (from 3U5B PDB structure [93]) represented from the
l RNA as “cartoon”. 18S rRNA regions with enriched complementarity to mRNA 50 UTR,
), body (B) are labelled in white. The mRNA channel entry and exit are labelled in black.
cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
J. Deforges et al. / Biochimie xxx (2014) 1e10 7signiﬁcantly stimulates translation of the downstream gene in
cellulo, giving stimulation of up to 570-fold upon insertion of ten
copies of the 9-nucleotide motif. This sequence is complementary
to nucleotides 1124e1132 of the mouse 18S rRNA located on the
“platform” on the “back side” of the subunit near to the mRNA path
and mostly accessible (sequence highlighted in red in Fig. 7A). The
motif is unable to stimulate translation in yeast in which the 18S
homologous sequence is not complementary to the 9 nucleotides.
The IRES activity of the 9-nucleotide motif can be restored in yeast
upon expression of a chimeric 18S rRNA bearing a sequence com-
plementary to the Gtx motif. Altogether these results strongly
suggest that base pairing between this motif and the 18S rRNA
drives a prokaryotic-like initiation process [88]. However, the rRNA
sequence involved is embedded in a very stable stem-loop
(DG ¼ 15.8 kcal/mol) making it essentially inaccessible. Without
the help of an important structural rearrangement which may be
mediated by a protein, it seems difﬁcult for a sequence present in
trans to compete out this structure.
3.3. Other cases of putative mRNA-18S rRNA pairing
Three other potential instances of 40S ribosomal subunit
recruitment through base pairing between an mRNA motif and the
18S rRNA have been reported. In each case, mutations in the motif
complementary to an 18S rRNA region impair the translation
stimulation observed with their cognate IRES or 30 CITE. The To-
bacco Etch Virus (TEV) 143-nucleotide leader contains an IRES
which depends on the presence of eIF4G and the poly(A)-binding
protein to efﬁciently promote cap-independent translation
[89,90]. Mutational analysis identiﬁed a pseudoknot crucial for the
IRES activity [91]. The second loop of the pseudoknot contains a
heptanucleotide motif (50-UACUUCU-30) complementary to the rice
18S rRNA sequence 501118GGGAGUA112430, a conserved region
amongst eukaryotic 18S rRNA. This ribosomal sequence is mainly
located within a loop, but it is poorly accessible as can be observed
in the Saccharomyces cerevisiae or Tetrahymena thermophila 40S
subunit crystal structure [92,93] (sequence in purple, Fig. 7A). In the
30 CITE of the Carmoviridae Hibiscus Clorotic Ringspot Virus
(HCSRV), a hexanucleotide motif (50-GGGCAG-30) conserved
amongst Carmoviruses is crucial for translation stimulation. This
motif is complementary to a Nicotiana tabacum 18S rRNA sequence
(501626CUGCCC1631 30) which is located in the mRNA “channel”,
between the beak and the shoulder of the small subunit, in close
proximity to the E-site [94] (across the mRNA channel compared to
Gtx e sequence in pink, Fig. 7A). This sequence would be sterically
accessible but is essentially concealed in a stable helix
(DG ¼ 9 kcal/mol). Finally, a sequence complementary to the 18S
human rRNA has been identiﬁed within the IRES located in the 50
UTR of the human type 1 Insulin-like Growth Factor Receptor
(IGF1R) coding gene. Mutations that would disrupt the potential
pairing between this sequence (50-GGGAAUUUCAUC-30) and the
human 18S rRNA (50 958GGUGAAAUUCCU969 30) affect the IRES ac-
tivity monitored in cellulo [95]. The 18S sequence is located in the
H23 loop, which is fairly accessible to the solvent, and located in
proximity to the E-site (sequence in green, Fig. 7A). Interestingly,
this loop is homologous to the prokaryote 16S rRNA H23 loop,
which is located close to the anti-SD sequence, as seen in the crystal
structure of the prokaryote ribosome [1]. The SD-like sequence has
not been shown to have any translational activity on its own in any
of the three cases described above. Therefore the mutations in the
motif that alter the translation efﬁciency may have modiﬁed the
IRES or 30CITE structure itself rather than the putative pairing.
However, this statement should be mitigated for the TEV IRES.
Indeed, an independent study reported that ARC-1, an artiﬁcial
sequence designed to base pair to the 18S rice rRNA in the samePlease cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008region as the TEV IRES (nucleotides 1115e1124) [96], stimulates
cap-independent translation of a dicistronic reporter system in
plant extracts and cells.
Finally in addition to accessibility considerations, experimental
evidence showing pairing of these IRESes with the 18S rRNA are
still lacking, and these sequences may act through different
mechanisms.
4. Concluding remarks
A growing number of potential cases of eukaryotic SD-like in-
teractions have been reported. Interestingly, the target sequences
within the 18S rRNA of all the examples described above are located
in the same area of the 40S subunit, in the “platform” and close to
the mRNA binding channel. However in most cases, although the
mutation of the putative SD-like sequences clearly impairs the ef-
fect of the cognate IRES or 30CITE on translation, base-pairing with
the 18S rRNA is far from proven, and even seems unlikely in some of
the examples described. In all the reported cases, and in contrast to
the prokaryote anti-SD, the postulated anti-SD-like sequences are
not located at an rRNA terminus. In consequence, a pairing longer
than 4e5 nucleotides would induce an important sterical and to-
pological constraint that may be difﬁcult to accommodate without
a structural rearrangement of the ribosome. In some cases base
pairs between mRNA and rRNA have been shown to stabilize a
complex or to be critical for translation initiation or re-initiation.
However compelling biochemical evidence for eukaryotic “SD-
like” sequences recruiting the ribosome de novo is still lacking. In no
case have the postulated interactions been shown to position the
initiation triplet correctly in the P-site of the ribosome. Taking this
into account, Chappel and colleagues proposed that such SD-like
interaction might just serve to increase the local ribosome con-
centration in close proximity to the initiation site, increasing the
probability that the mRNA might fall into the mRNA cleft [97]. In
order to further assess the importance of rRNA-mRNA base-pairing
interactions, Panek et al. carried out a large scale in silico search
aiming to identify mRNA sequences complementary to 18S rRNA
within fourteen eukaryotic genomes belonging to distant groups
(such as Saccharomyces cerevisiae, Homo sapiens, Caenorhabditis
elegans, and Xenopus laevis). They have highlighted a signiﬁcant
enrichment of sequences complementary to the 18S rRNA within
the 50 UTR as compared to the coding region [98]. Interestingly, the
ribosomal sequences identiﬁed are clustered within a few regions
accessible to the solvent, notably close to the mRNA exit from the
channel and in the “lower body” part of the ribosomal subunit
(sequences coloured in orange, Fig. 7B). The authors propose that
this may deﬁne an mRNA path downstream of the E-site, poten-
tially regulating the scanning step [98]. This interesting idea has not
been supported by any experimental evidence to date.
Progress made in the characterization of the molecular mech-
anisms and structural organization of types II, III and IV IRESes
show that, although functionally related, these elements promote
initiation through completely different pathways and molecular
interactions. This clearly rules out a possible common phylogenetic
origin, but the recent ﬁnding of ribosome binding sites in several
IRESes could suggest that ribosome binding is the functional
property fundamental to the origin of most IRESes. Based on the
recent discovery of ribosome binding by type II IRESes, one could
anticipate that IRESes such as that of the Aichivirus, which are also
independent of eIF4G/eIF3 interaction, may directly bind the 40S
subunit of the ribosome [99]. Thus direct binding of the 40S ribo-
somal subunit by IRESes could be much more widespread than
originally anticipated even if in some cases a productive interaction
requires additional proteins. Drawing a parallel with the RNA en-
zymes [100,101], the once autonomous ribosome binding RNAscally interact with eukaryotic ribosomal subunits, Biochimie (2014),
J. Deforges et al. / Biochimie xxx (2014) 1e108may have evolved to become dependent on RNA-binding proteins
to complete their active folding or even to substitute for some of
their functions [102]. In this regard it is worth noting that type II
IRESes are often not only dependent on most of the initiation fac-
tors but also on other cellular proteins known as IRES trans-acting
factors. In the well characterized type III and IV IRESes it is clear
that RNA not only recruits the ribosome but also manipulates its
structure to favour translocation. Although both types of IRES
interact with the ribosome in very different ways, they both contact
the 40S subunit protein RPS25 which has been suggested to be a
key component for a common IRES mechanism, for example by
triggering structural rearrangement between the two subunits
[103].
A growing number of instances of ribosome/mRNA speciﬁc in-
teractions has been reported over the past year. Even if such in-
teractions are not involved in the initiation or reinitiation
processes, they could inﬂuence other steps such as transport or
elongation, bringing an additional level of regulation to translation.
Conﬂict of interest
No conﬂict of interest.
Acknowledgements
The authors would like to thank all members in the Sargueil and
the Locker lab for stimulating discussions, N. Chamond for Fig. 1, E.
Royall and M. Willcocks for proofreading the manuscript. We are
indebted to Y. Hashem for invaluable help with Fig. 3 by ﬁtting the
structure of the Tetrahymena ribosome (Rabl et al., 2011) within the
cryo-EM map of the rabbit ribosome as in (Hashem et al., 2013).
Thanks to N.Grigorieff and A. Korostelev for helping us to adapt a
ﬁgure from their publication in Fig. 5, and to J. Kieft for Fig. 4.
Research in the Sargueil laboratory is fundedbyannual support from
the CNRS (UMR 8015), from Paris Descartes University (UMR 8015)
and by grants from ANRS (AO2013-1-14283 and AO2012-2-13134).
References
[1] G.Z. Yusupova, M.M. Yusupov, J.H.D. Cate, H.F. Noller, The path of messenger
RNA through the ribosome, Cell 106 (2001) 233e241, http://dx.doi.org/
10.1016/S0092-8674(01)00435-4.
[2] A. Simonetti, S. Marzi, L. Jenner, A. Myasnikov, P. Romby, G. Yusupova, et al.,
A structural view of translation initiation in bacteria, Cell. Mol. Life Sci. 66
(2009) 423e436, http://dx.doi.org/10.1007/s00018-008-8416-4.
[3] M. Kozak, Initiation of translation in prokaryotes and eukaryotes, Gene 234
(1999) 187e208, http://dx.doi.org/10.1016/S0378-1119(99)00210-3.
[4] L.S. Valasek, “Ribozoomin” e translation initiation from the perspective of
the ribosome-bound eukaryotic initiation factors (eIFs), Curr. Protein Pept.
Sci. 13 (2012) 305e330, http://dx.doi.org/10.2174/138920312801619385.
[5] C.E. Aitken, J.R. Lorsch, A mechanistic overview of translation initiation in
eukaryotes, Nat. Struct. Mol. Biol. 19 (2012) 568e576, http://dx.doi.org/
10.1038/nsmb.2303.
[6] R.J. Jackson, C.U.T. Hellen, T.V. Pestova, The mechanism of eukaryotic trans-
lation initiation and principles of its regulation, Nat. Rev. Mol. Cell. Biol. 11
(2010) 113e127, http://dx.doi.org/10.1038/nrm2838.
[7] T.V. Pestova, C.U. Hellen, I.N. Shatsky, Canonical eukaryotic initiation factors
determine initiation of translation by internal ribosomal entry, Mol. Cell. Biol.
16 (1996) 6859e6869.
[8] T.V. Pestova, I.N. Shatsky, S.P. Fletcher, R.J. Jackson, C.U.T. Hellen,
A prokaryotic-like mode of cytoplasmic eukaryotic ribosome binding to the
initiation codon during internal translation initiation of hepatitis C and
classical swine fever virus RNAs, Genes Dev. 12 (1998) 67e83, http://
dx.doi.org/10.1101/gad.12.1.67.
[9] J.E. Wilson, M.J. Powell, S.E. Hoover, P. Sarnow, Naturally occurring dicis-
tronic cricket paralysis virus RNA is regulated by two internal ribosome entry
sites, Mol. Cell. Biol. 20 (2000) 4990e4999, http://dx.doi.org/10.1128/
MCB.20.14.4990-4999.2000.
[10] C.U.T. Hellen, IRES-induced conformational changes in the ribosome and the
mechanism of translation initiation by internal ribosomal entry, Biochim.
Biophys. Acta 1789 (2009) 558e570, http://dx.doi.org/10.1016/
j.bbagrm.2009.06.001.Please cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008[11] D.A. Costantino, J.S. Pﬁngsten, R.P. Rambo, J.S. Kieft, tRNAemRNA mimicry
drives translation initiation from a viral IRES, Nat. Struct. Mol. Biol. 15 (2008)
57e64, http://dx.doi.org/10.1038/nsmb1351.
[12] J.S. Pﬁngsten, D.A. Costantino, J.S. Kieft, Structural basis for ribosome
recruitment and manipulation by a viral IRES RNA, Science 314 (2006)
1450e1454, http://dx.doi.org/10.1126/science.1133281.
[13] C.M.T. Spahn, E. Jan, A. Mulder, R.A. Grassucci, P. Sarnow, J. Frank,
Cryo-EM visualization of a viral internal ribosome entry site bound to
human ribosomes: the IRES functions as an RNA-based translation
factor, Cell 118 (2004) 465e475, http://dx.doi.org/10.1016/
j.cell.2004.08.001.
[14] M. Schüler, S.R. Connell, A. Lescoute, J. Giesebrecht, M. Dabrowski,
B. Schroeer, et al., Structure of the ribosome-bound cricket paralysis virus
IRES RNA, Nat. Struct. Mol. Biol. 13 (2006) 1092e1096, http://dx.doi.org/
10.1038/nsmb1177.
[15] C.M.T. Spahn, J.S. Kieft, R.A. Grassucci, P.A. Penczek, K. Zhou, J.A. Doudna, et
al., Hepatitis C virus IRES RNA-induced changes in the conformation of the
40S ribosomal subunit, Science 291 (2001) 1959e1962, http://dx.doi.org/
10.1126/science.1058409.
[16] B. Siridechadilok, C.S. Fraser, R.J. Hall, J.A. Doudna, E. Nogales, Structural roles
for human translation factor eIF3 in initiation of protein synthesis, Science
310 (2005) 1513e1515, http://dx.doi.org/10.1126/science.1118977.
[17] H. Yamamoto, A. Unbehaun, J. Loerke, E. Behrmann, M. Collier, J. Bürger, et
al., Structure of the mammalian 80S initiation complex with initiation factor
5B on HCV-IRES RNA, Nat. Struct. Mol. Biol. 21 (2014) 721e727, http://
dx.doi.org/10.1038/nsmb.2859.
[18] C.S. Koh, A.F. Brilot, N. Grigorieff, A.A. Korostelev, Taura syndrome virus IRES
initiates translation by binding its tRNA-mRNAelike structural element in
the ribosomal decoding center, Proc. Natl. Acad. Sci. 111 (2014) 9139e9144,
http://dx.doi.org/10.1073/pnas.1406335111.
[19] I.S. Fernandez, X.-C. Bai, G. Murshudov, S.H.W. Scheres, V. Ramakrishnan,
Initiation of translation by cricket paralysis virus IRES requires its trans-
location in the ribosome, Cell 157 (2014) 823e831, http://dx.doi.org/
10.1016/j.cell.2014.04.015.
[20] Y. Hashem, A. des Georges, V. Dhote, R. Langlois, H.Y. Liao, R.A. Grassucci, et
al., Hepatitis-C-virus-like internal ribosome entry sites displace eIF3 to gain
access to the 40S subunit, Nature 503 (2013) 539e543, http://dx.doi.org/
10.1038/nature12658.
[21] A.E. Simon, W.A. Miller, 30 Cap-independent translation enhancers of plant
viruses, Annu. Rev. Microbiol. 67 (2013) 21e42, http://dx.doi.org/10.1146/
annurev-micro-092412-155609.
[22] L. Balvay, R.S. Rifo, E.P. Ricci, D. Decimo, T. Ohlmann, Structural and func-
tional diversity of viral IRESes, Biochim. Biophys. Acta BBA e Gene Regul.
Mech. 1789 (2009) 542e557, http://dx.doi.org/10.1016/
j.bbagrm.2009.07.005.
[23] W.A. Miller, Z. Wang, K. Treder, The amazing diversity of cap-independent
translation elements in the 30-untranslated regions of plant viral RNAs,
Biochem. Soc. Trans. 35 (2007) 1629, http://dx.doi.org/10.1042/
BST0351629.
[24] B.L. Nicholson, K.A. White, 30 Cap-independent translation enhancers of
positive-strand RNA plant viruses, Curr. Opin. Virol. 1 (2011) 373e380,
http://dx.doi.org/10.1016/j.coviro.2011.10.002.
[25] J.E. Wilson, T.V. Pestova, C.U.T. Hellen, P. Sarnow, Initiation of protein syn-
thesis from the A site of the ribosome, Cell 102 (2000) 511e520, http://
dx.doi.org/10.1016/S0092-8674(00)00055-6.
[26] C.U.T. Hellen, P. Sarnow, Internal ribosome entry sites in eukaryotic mRNA
molecules, Genes Dev. 15 (2001) 1593e1612, http://dx.doi.org/10.1101/
gad.891101.
[27] E. Jan, P. Sarnow, Factorless ribosome assembly on the internal ribosome
entry site of cricket paralysis virus, J. Mol. Biol. 324 (2002) 889e902, http://
dx.doi.org/10.1016/S0022-2836(02)01099-9.
[28] T.V. Pestova, C.U.T. Hellen, Translation elongation after assembly of ribo-
somes on the Cricket paralysis virus internal ribosomal entry site without
initiation factors or initiator tRNA, Genes Dev. 17 (2003) 181e186, http://
dx.doi.org/10.1101/gad.1040803.
[29] H. Yamamoto, N. Nakashima, Y. Ikeda, T. Uchiumi, Binding mode of the ﬁrst
aminoacyl-tRNA in translation initiation mediated by Plautia stali intestine
virus internal ribosome entry site, J. Biol. Chem. 282 (2007) 7770e7776,
http://dx.doi.org/10.1074/jbc.M610887200.
[30] X. Zuo, J. Wang, P. Yu, D. Eyler, H. Xu, M.R. Starich, et al., Solution structure of
the cap-independent translational enhancer and ribosome-binding element
in the 30 UTR of turnip crinkle virus, Proc. Natl. Acad. Sci. 107 (2010)
1385e1390, http://dx.doi.org/10.1073/pnas.0908140107.
[31] F. Gao, W. Kasprzak, V.A. Stupina, B.A. Shapiro, A.E. Simon, A ribosome-
binding, 30 translational enhancer has a T-shaped structure and engages in a
long-distance RNA-RNA interaction, J. Virol. 86 (2012) 9828e9842, http://
dx.doi.org/10.1128/JVI.00677-12.
[32] T.M. Colussi, D.A. Costantino, J.A. Hammond, G.M. Ruehle, J.C. Nix, J.S. Kieft,
The structural basis of transfer RNA mimicry and conformational plasticity
by a viral RNA, Nature 511 (2014) 366e369, http://dx.doi.org/10.1038/
nature13378.
[33] F. Gao, S.P. Gulay, W. Kasprzak, J.D. Dinman, B.A. Shapiro, A.E. Simon, The kl-
TSS translational enhancer of PEMV can bind simultaneously to ribosomes
and a 50 proximal hairpin, J. Virol. (2013) JVI.02005eJVI.02013, http://
dx.doi.org/10.1128/JVI.02005-13.cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
J. Deforges et al. / Biochimie xxx (2014) 1e10 9[34] T.V. Pestova, I.B. Lomakin, J.H. Lee, S.K. Choi, T.E. Dever, C.U.T. Hellen, The
joining of ribosomal subunits in eukaryotes requires eIF5B, Nature 403
(2000) 332e335, http://dx.doi.org/10.1038/35002118.
[35] N. Locker, L.E. Easton, P.J. Lukavsky, HCV and CSFV IRES domain II mediate
eIF2 release during 80S ribosome assembly, EMBO J. 26 (2007) 795e805,
http://dx.doi.org/10.1038/sj.emboj.7601549.
[36] I.M. Terenin, S.E. Dmitriev, D.E. Andreev, I.N. Shatsky, Eukaryotic translation
initiation machinery can operate in a bacterial-like mode without eIF2, Nat.
Struct. Mol. Biol. 15 (2008) 836e841, http://dx.doi.org/10.1038/nsmb.1445.
[37] T.V. Pestova, S. de Breyne, A.V. Pisarev, I.S. Abaeva, C.U.T. Hellen, eIF2-
dependent and eIF2-independent modes of initiation on the CSFV IRES: a
common role of domain II, EMBO J. 27 (2008) 1060e1072, http://dx.doi.org/
10.1038/emboj.2008.49.
[38] M.A. Skabkin, O.V. Skabkina, V. Dhote, A.A. Komar, C.U.T. Hellen, T.V. Pestova,
Activities of ligatin and MCT-1/DENR in eukaryotic translation initiation and
ribosomal recycling, Genes Dev. 24 (2010) 1787e1801, http://dx.doi.org/
10.1101/gad.1957510.
[39] S.E. Dmitriev, I.M. Terenin, D.E. Andreev, P.A. Ivanov, J.E. Dunaevsky,
W.C. Merrick, et al., GTP-independent tRNA delivery to the ribosomal P-site
by a novel eukaryotic translation factor, J. Biol. Chem. 285 (2010)
26779e26787, http://dx.doi.org/10.1074/jbc.M110.119693.
[40] J.S. Kieft, K. Zhou, R. Jubin, J.A. Doudna, Mechanism of ribosome recruitment
by hepatitis C IRES RNA, RNA 7 (2001) 194e206.
[41] V.G. Kolupaeva, T.V. Pestova, C.U.T. Hellen, An enzymatic footprinting anal-
ysis of the interaction of 40S ribosomal subunits with the internal ribosomal
entry site of hepatitis C virus, J. Virol. 74 (2000) 6242e6250, http://
dx.doi.org/10.1128/JVI.74.14.6242-6250.2000.
[42] V.G. Kolupaeva, T.V. Pestova, C.U. Hellen, Ribosomal binding to the internal
ribosomal entry site of classical swine fever virus, RNA 6 (2000)
1791e1807.
[43] A.A. Malygin, O.A. Kossinova, I.N. Shatsky, G.G. Karpova, HCV IRES interacts
with the 18S rRNA to activate the 40S ribosome for subsequent steps of
translation initiation, Nucleic Acids Res. 41 (2013) 8706e8714, http://
dx.doi.org/10.1093/nar/gkt632.
[44] D. Matsuda, V.P. Mauro, Base pairing between hepatitis C virus RNA and 18S
rRNA is required for IRES-dependent translation initiation in vivo, Proc. Natl.
Acad. Sci. (2014) 201413472, http://dx.doi.org/10.1073/pnas.1413472111.
[45] M.E. Filbin, B.S. Vollmar, D. Shi, T. Gonen, J.S. Kieft, HCV IRES manipulates the
ribosome to promote the switch from translation initiation to elongation,
Nat. Struct. Mol. Biol. 20 (2013) 150e158, http://dx.doi.org/10.1038/
nsmb.2465.
[46] M. Honda, E.A. Brown, S.M. Lemon, Stability of a stem-loop involving the
initiator AUG controls the efﬁciency of internal initiation of translation on
hepatitis C virus RNA, RNA 2 (1996) 955e968.
[47] V.G. Kolupaeva, T.V. Pestova, C.U.T. Hellen, I.N. Shatsky, Translation eukary-
otic initiation factor 4G recognizes a speciﬁc structural element within the
internal ribosome entry site of encephalomyocarditis virus RNA, J. Biol.
Chem. 273 (1998) 18599e18604, http://dx.doi.org/10.1074/
jbc.273.29.18599.
[48] I.B. Lomakin, C.U.T. Hellen, T.V. Pestova, Physical association of eukaryotic
initiation factor 4G (eIF4G) with eIF4A strongly enhances binding of eIF4G to
the internal ribosomal entry site of encephalomyocarditis virus and is
required for internal initiation of translation, Mol. Cell. Biol. 20 (2000)
6019e6029, http://dx.doi.org/10.1128/MCB.20.16.6019-6029.2000.
[49] N. Chamond, J. Deforges, N. Ulryck, B. Sargueil, 40S recruitment in the
absence of eIF4G/4A by EMCV IRES reﬁnes the model for translation initia-
tion on the archetype of Type II IRESs, Nucleic Acids Res. (2014) gku720,
http://dx.doi.org/10.1093/nar/gku720.
[50] V.G. Kolupaeva, I.B. Lomakin, T.V. Pestova, C.U.T. Hellen, Eukaryotic initiation
factors 4G and 4A mediate conformational changes downstream of the
initiation codon of the encephalomyocarditis virus internal ribosomal entry
site, Mol. Cell. Biol. 23 (2003) 687e698, http://dx.doi.org/10.1128/
MCB.23.2.687-698.2003.
[51] P. Kafasla, N. Morgner, T.A.A. P€oyry, S. Curry, C.V. Robinson, R.J. Jackson,
Polypyrimidine tract binding protein stabilizes the encephalomyocarditis
virus IRES structure via binding multiple sites in a unique orientation, Mol.
Cell. 34 (2009) 556e568, http://dx.doi.org/10.1016/j.molcel.2009.04.015.
[52] J.-C. Paillart, M. Dettenhofer, X. Yu, C. Ehresmann, B. Ehresmann, R. Marquet,
First snapshots of the HIV-1 RNA structure in infected cells and in virions,
J. Biol. Chem. 279 (2004) 48397e48403, http://dx.doi.org/10.1074/
jbc.M408294200.
[53] A.M.G. Dirac, H. Huthoff, J. Kjems, B. Berkhout, Regulated HIV-2 RNA
dimerization by means of alternative RNA conformations, Nucleic Acids Res.
30 (2002) 2647e2655, http://dx.doi.org/10.1093/nar/gkf381.
[54] L. James, B. Sargueil, RNA secondary structure of the feline immunodeﬁ-
ciency virus 50UTR and Gag coding region, Nucleic Acids Res. 36 (2008)
4653e4666, http://dx.doi.org/10.1093/nar/gkn447.
[55] J. Deforges, N. Chamond, B. Sargueil, Structural investigation of HIV-1
genomic RNA dimerization process reveals a role for the Major Splice-site
Donor stem loop, Biochimie 94 (2012) 1481e1489, http://dx.doi.org/
10.1016/j.biochi.2012.02.009.
[56] B. Berkhout, J.L. van Wamel, The leader of the HIV-1 RNA genome forms a
compactly folded tertiary structure, RNA 6 (2000) 282e295.
[57] K.A. Wilkinson, R.J. Gorelick, S.M. Vasa, N. Guex, A. Rein, D.H. Mathews, et al.,
High-throughput SHAPE analysis reveals structures in HIV-1 genomic RNAPlease cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008strongly conserved across distinct biological states, PLoS Biol. 6 (2008)
883e899, http://dx.doi.org/10.1371/journal.pbio.0060096.
[58] A. Sharma, A. Yilmaz, K. Marsh, A. Cochrane, K. Boris-Lawrie, Thriving under
stress: selective translation of HIV-1 structural protein mRNA during Vpr-
mediated impairment of eIF4E translation activity, PLoS Pathog. 8 (2012)
e1002612, http://dx.doi.org/10.1371/journal.ppat.1002612.
[59] R. Soto-Rifo, P.S. Rubilar, T. Ohlmann, The DEAD-box helicase DDX3 sub-
stitutes for the cap-binding protein eIF4E to promote compartmentalized
translation initiation of the HIV-1 genomic RNA, Nucleic Acids Res. 41 (2013)
6286e6299, http://dx.doi.org/10.1093/nar/gkt306.
[60] A. Brasey, M. Lopez-Lastra, T. Ohlmann, N. Beerens, B. Berkhout, J.-L. Darlix,
et al., The leader of human immunodeﬁciency virus type 1 genomic RNA
harbors an internal ribosome entry segment that is active during the G2/M
phase of the cell cycle, J. Virol. 77 (2003) 3939e3949, http://dx.doi.org/
10.1128/JVI.77.7.3939-3949.2003.
[61] M. Vallejos, J. Deforges, T.-D.M. Plank, A. Letelier, P. Ramdohr, C.G. Abraham,
et al., Activity of the human immunodeﬁciency virus type 1 cell cycle-
dependent internal ribosomal entry site is modulated by IRES trans-acting
factors, Nucleic Acids Res. 39 (2011) 6186e6200, http://dx.doi.org/10.1093/
nar/gkr189.
[62] T.-D.M. Plank, J.T. Whitehurst, J.S. Kieft, Cell type speciﬁcity and structural
determinants of IRES activity from the 50 leaders of different HIV-1 tran-
scripts, Nucleic Acids Res. 41 (2013) 6698e6714, http://dx.doi.org/10.1093/
nar/gkt358.
[63] C.B. Buck, X. Shen, M.A. Egan, T.C. Pierson, C.M. Walker, R.F. Siliciano, The
human immunodeﬁciency virus type 1gag gene encodes an internal ribo-
some entry site, J. Virol. 75 (2001) 181e191, http://dx.doi.org/10.1128/
JVI.75.1.181-191.2001.
[64] C.H. Herbreteau, L. Weill, D. Decimo, D. Prevo^t, J.-L. Darlix, B. Sargueil, et al.,
HIV-2 genomic RNA contains a novel type of IRES located downstream of its
initiation codon, Nat. Struct. Mol. Biol. 12 (2005) 1001e1007, http://
dx.doi.org/10.1038/nsmb1011.
[65] N. Chamond, N. Locker, B. Sargueil, The different pathways of HIV genomic
RNA translation, Biochem. Soc. Trans. 38 (2010) 1548, http://dx.doi.org/
10.1042/BST0381548.
[66] N. Locker, N. Chamond, B. Sargueil, A conserved structure within the HIV gag
open reading frame that controls translation initiation directly recruits the
40S subunit and eIF3, Nucleic Acids Res. 39 (2011) 2367e2377, http://
dx.doi.org/10.1093/nar/gkq1118.
[67] L. Weill, L. James, N. Ulryck, N. Chamond, C.H. Herbreteau, T. Ohlmann, et al.,
A new type of IRES within gag coding region recruits three initiation com-
plexes on HIV-2 genomic RNA, Nucleic Acids Res. 38 (2009) 1367e1381,
http://dx.doi.org/10.1093/nar/gkp1109.
[68] S. de Breyne, N. Chamond, D. Decimo, M.-A. Trabaud, P. Andre, B. Sargueil, et
al., In vitro studies reveal that different modes of initiation on HIV-1 mRNA
have different levels of requirement for eukaryotic initiation factor 4F, FEBS J.
279 (2012) 3098e3111, http://dx.doi.org/10.1111/j.1742-4658.2012.08689.x.
[69] Y. Chang, E. Cesarman, M.S. Pessin, F. Lee, J. Culpepper, D.M. Knowles, et al.,
Identiﬁcation of herpesvirus-like DNA sequences in AIDS-associated Kaposi's
sarcoma, Science 266 (1994) 1865e1869.
[70] L. Bieleski, S.J. Talbot, Kaposi's sarcoma-associated herpesvirus vCyclin open
reading frame contains an internal ribosome entry site, J. Virol. 75 (2001)
1864e1869, http://dx.doi.org/10.1128/JVI.75.4.1864-1869.2001.
[71] A. Grundhoff, D. Ganem, Mechanisms governing expression of the v-FLIP
gene of Kaposi's sarcoma-associated herpesvirus, J. Virol. 75 (2001)
1857e1863, http://dx.doi.org/10.1128/JVI.75.4.1857-1863.2001.
[72] W. Low, M. Harries, H. Ye, M.-Q. Du, C. Boshoff, M. Collins, Internal ribosome
entry site regulates translation of Kaposi's sarcoma-associated herpesvirus
FLICE inhibitory protein, J. Virol. 75 (2001) 2938e2945, http://dx.doi.org/
10.1128/JVI.75.6.2938-2945.2001.
[73] Z. Othman, M.K. Sulaiman, M.M. Willcocks, N. Ulryck, D.J. Blackbourn,
B. Sargueil, et al., Functional analysis of Kaposi's sarcomaeassociated
herpesvirus vFLIP expression reveals a new mode of IRES-mediated trans-
lation, RNA 20 (2014) 1803e1814, http://dx.doi.org/10.1261/
rna.045328.114.
[74] A.M. Borman, Y.M. Michel, K.M. Kean, Detailed analysis of the requirements
of hepatitis A virus internal ribosome entry segment for the eukaryotic
initiation factor complex eIF4F, J. Virol. 75 (2001) 7864e7871, http://
dx.doi.org/10.1128/JVI.75.17.7864-7871.2001.
[75] I.K. Ali, L. McKendrick, S.J. Morley, R.J. Jackson, Activity of the hepatitis A
virus IRES requires association between the CAP-binding translation initia-
tion factor (eIF4E) and eIF4G, J. Virol. 75 (2001) 7854e7863, http://
dx.doi.org/10.1128/JVI.75.17.7854-7863.2001.
[76] G. Meyers, Translation of the minor capsid protein of a calicivirus is initi-
ated by a novel termination-dependent reinitiation mechanism, J. Biol.
Chem. 278 (2003) 34051e34060, http://dx.doi.org/10.1074/
jbc.M304874200.
[77] T.A.A. P€oyry, A. Kaminski, E.J. Connell, C.S. Fraser, R.J. Jackson, The mecha-
nism of an exceptional case of reinitiation after translation of a long ORF
reveals why such events do not generally occur in mammalian mRNA
translation, Genes Dev. 21 (2007) 3149e3162, http://dx.doi.org/10.1101/
gad.439507.
[78] C. Luttermann, G. Meyers, A bipartite sequence motif induces translation
reinitiation in feline calicivirus RNA, J. Biol. Chem. 282 (2007) 7056e7065,
http://dx.doi.org/10.1074/jbc.M608948200.cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
J. Deforges et al. / Biochimie xxx (2014) 1e1010[79] M.L. Powell, Translational terminationereinitiation in RNA viruses, Biochem.
Soc. Trans. 38 (2010) 1558, http://dx.doi.org/10.1042/BST0381558.
[80] C. Luttermann, G. Meyers, The importance of inter- and intramolecular base
pairing for translation reinitiation on a eukaryotic bicistronic mRNA, Genes
Dev. 23 (2009) 331e344, http://dx.doi.org/10.1101/gad.507609.
[81] M.L. Powell, K.E. Leigh, T.A.A. P€oyry, R.J. Jackson, T.D.K. Brown, I. Brierley,
Further characterisation of the translational termination-reinitiation signal
of the inﬂuenza B virus segment 7 RNA, PLoS One 6 (2011) e16822, http://
dx.doi.org/10.1371/journal.pone.0016822.
[82] C. Luttermann, G. Meyers, Two alternative ways of start site selection in
human norovirus reinitiation of translation, J. Biol. Chem. 289 (2014)
11739e11754, http://dx.doi.org/10.1074/jbc.M114.554030.
[83] S. Napthine, R.A. Lever, M.L. Powell, R.J. Jackson, T.D.K. Brown, I. Brierley,
Expression of the VP2 protein of murine norovirus by a translation
termination-reinitiation strategy, PLoS One 4 (2009) e8390, http://
dx.doi.org/10.1371/journal.pone.0008390.
[84] G. Meyers, Characterization of the sequence element directing translation
reinitiation in RNA of the calicivirus rabbit hemorrhagic disease virus, J. Virol.
81 (2007) 9623e9632, http://dx.doi.org/10.1128/JVI.00771-07.
[85] M.L. Powell, S. Napthine, R.J. Jackson, I. Brierley, T.D.K. Brown, Character-
ization of the terminationereinitiation strategy employed in the expression
of inﬂuenza B virus BM2 protein, RNA 14 (2008) 2394e2406, http://
dx.doi.org/10.1261/rna.1231008.
[86] C.M. Horvath, M.A. Williams, R.A. Lamb, Eukaryotic coupled translation of
tandem cistrons: identiﬁcation of the inﬂuenza B virus BM2 polypeptide,
EMBO J. 9 (1990) 2639e2647.
[87] S.A. Chappell, G.M. Edelman, V.P. Mauro, A 9-nt segment of a cellular mRNA
can function as an internal ribosome entry site (IRES) and when present in
linked multiple copies greatly enhances IRES activity, Proc. Natl. Acad. Sci. 97
(2000) 1536e1541, http://dx.doi.org/10.1073/pnas.97.4.1536.
[88] M.C.-Y. Hu, P. Tranque, G.M. Edelman, V.P. Mauro, rRNA-complementarity in
the 50 untranslated region of mRNA specifying the Gtx homeodomain pro-
tein: evidence that base- pairing to 18S rRNA affects translational efﬁciency,
Proc. Natl. Acad. Sci. 96 (1999) 1339e1344, http://dx.doi.org/10.1073/
pnas.96.4.1339.
[89] M. Niepel, D.R. Gallie, Identiﬁcation and characterization of the functional
elements within the tobacco etch virus 50 leader required for cap-
independent translation, J. Virol. 73 (1999) 9080e9088.
[90] D.R. Gallie, Cap-independent translation conferred by the 50 leader of tobacco
etch virus is eukaryotic initiation factor 4G dependent, J. Virol. 75 (2001)
12141e12152, http://dx.doi.org/10.1128/JVI.75.24.12141-12152.2001.
[91] V. Zeenko, D.R. Gallie, Cap-independent translation of tobacco etch virus is
conferred by an RNA pseudoknot in the 50-leader, J. Biol. Chem. 280 (2005)
26813e26824, http://dx.doi.org/10.1074/jbc.M503576200.
[92] J. Rabl, M. Leibundgut, S.F. Ataide, A. Haag, N. Ban, Crystal structure of the
eukaryotic 40S ribosomal subunit in complex with initiation factor 1, Science
331 (2011) 730e736, http://dx.doi.org/10.1126/science.1198308.Please cite this article in press as: J. Deforges, et al., mRNAs that speciﬁ
http://dx.doi.org/10.1016/j.biochi.2014.12.008[93] A. Ben-Shem, N.G. de Loubresse, S. Melnikov, L. Jenner, G. Yusupova,
M. Yusupov, The structure of the eukaryotic ribosome at 3.0 Å resolution,
Science 334 (2011) 1524e1529, http://dx.doi.org/10.1126/science.1212642.
[94] D.C.-Y. Koh, D.X. Liu, S.-M. Wong, A six-nucleotide segment within the 30
untranslated region of hibiscus chlorotic ringspot virus plays an essential
role in translational enhancement, J. Virol. 76 (2002) 1144e1153, http://
dx.doi.org/10.1128/JVI.76.3.1144-1153.2002.
[95] Z. Meng, N.L. Jackson, O.D. Shcherbakov, H. Choi, S.W. Blume, The human
IGF1R IRES likely operates through a ShineeDalgarno-like interaction with
the G961 loop (E-site) of the 18S rRNA and is kinetically modulated by a
naturally polymorphic polyU loop, J. Cell. Biochem. 110 (2010) 531e544,
http://dx.doi.org/10.1002/jcb.22569.
[96] R.Z. Akbergenov, S.S. Zhanybekova, R.V. Kryldakov, A. Zhigailov,
N.S. Polimbetova, T. Hohn, et al., ARC-1, a sequence element complemen-
tary to an internal 18S rRNA segment, enhances translation efﬁciency in
plants when present in the leader or intercistronic region of mRNAs,
Nucleic Acids Res. 32 (2004) 239e247, http://dx.doi.org/10.1093/nar/
gkh176.
[97] S.A. Chappell, G.M. Edelman, V.P. Mauro, Ribosomal tethering and clustering
as mechanisms for translation initiation, Proc. Natl. Acad. Sci. 103 (2006)
18077e18082, http://dx.doi.org/10.1073/pnas.0608212103.
[98] J. Panek, M. Kolar, J. Vohradský, L.S. Valasek, An evolutionary conserved
pattern of 18S rRNA sequence complementarity to mRNA 50 UTRs and its
implications for eukaryotic gene translation regulation, Nucleic Acids Res. 41
(2013) 7625e7634, http://dx.doi.org/10.1093/nar/gkt548.
[99] Y. Yu, T.R. Sweeney, P. Kafasla, R.J. Jackson, T.V. Pestova, C.U. Hellen, The
mechanism of translation initiation on Aichivirus RNA mediated by a novel
type of picornavirus IRES, EMBO J. 30 (2011) 4423e4436, http://dx.doi.org/
10.1038/emboj.2011.306.
[100] T.R. Cech, Crawling out of the RNA world, Cell 136 (2009) 599e602, http://
dx.doi.org/10.1016/j.cell.2009.02.002.
[101] N. Lehman, RNA in evolution, Wiley Interdiscip. Rev. e RNA 1 (2010)
202e213, http://dx.doi.org/10.1002/wrna.37.
[102] E. Martínez-Salas, G. Lozano, J. Fernandez-Chamorro, R. Francisco-Velilla,
A. Galan, R. Diaz, RNA-binding proteins impacting on internal initiation of
translation, Int. J. Mol. Sci. 14 (2013) 21705e21726, http://dx.doi.org/
10.3390/ijms141121705.
[103] M.I. Hertz, D.M. Landry, A.E. Willis, G. Luo, S.R. Thompson, Ribosomal protein
S25 dependency reveals a commonmechanism for diverse internal ribosome
entry sites and ribosome shunting, Mol. Cell. Biol. 33 (2013) 1016e1026,
http://dx.doi.org/10.1128/MCB.00879-12.
[104] J.S. Kieft, Viral IRES RNA structures and ribosome interactions, Trends Bio-
chem. Sci. 33 (2008) 274e283, http://dx.doi.org/10.1016/j.tibs.2008.04.007.
[105] M. Selmer, C.M. Dunham, F.V. Murphy, A. Weixlbaumer, S. Petry,
A.C. Kelley, et al., Structure of the 70S ribosome complexed with mRNA
and tRNA, Science 313 (2006) 1935e1942, http://dx.doi.org/10.1126/
science.1131127.cally interact with eukaryotic ribosomal subunits, Biochimie (2014),
